Refrigeration to limit bacterial multiplication is a critical aspect of efforts to control the transmission of Salmonella enterica serovar Enteritidis (SE) to consumers of contaminated eggs. Although the nutrient-rich yolk interior is an uncommon location for SE contamination in freshly laid, naturally contaminated eggs, migration across the vitelline membrane could lead to rapid bacterial multiplication even when the initial site of deposition is outside the yolk. Multiplication on the yolk membrane (before, or in addition to, multiplication within the yolk contents) could be another source of increased risk to consumers. The present study used an in vitro egg contamination model to compare the abilities of four strains of SE to either multiply in association with the yolk membrane or migrate through that membrane to reach the yolk contents during 36 h of incubation at 30°C. After inoculation onto the exterior surface of intact, whole yolks, all four SE strains penetrated the vitelline membrane to reach the yolk contents (at an overall frequency of 11.5%) after 12 h of incubation. The mean log concentration of SE was significantly higher in whole yolks (including yolk membranes) than in yolk contents at both 12 h (0.818 versus 0.167 CFU/ ml) and 36 h (2.767 versus 1.402 CFU/ml) of incubation. These results demonstrate that SE multiplication on the vitelline membrane may both precede and exceed multiplication resulting from penetration into the yolk contents during the first 36 h of unrefrigerated storage, reinforcing the importance of rapid refrigeration for protecting consumers from egg-transmitted illness.
illness.
Despite a substantial investment in quality assurance programs by governments and the egg industry (25) , human illness associated with eggs contaminated by Salmonella enterica serovar Enteritidis (SE) has remained a prominent international public health concern for 2 decades (2, 19, 28) . Although the prevalence of SE in commercially produced table eggs in the United States may be only 1 in 20,000 (7), the annual incidence of human illnesses transmitted by contaminated eggs in the United States has been estimated to exceed 180,000 (30). In response to this continuing problem, a national regulatory plan for commercial egg-laying flocks has been proposed (31). One of the principal risk reduction practices incorporated into this plan is a requirement that eggs which are held on farms for more than 36 h must be refrigerated at 7.2°C or lower. Because freshly laid eggs typically contain no more than a few hundred Salmonella cells (4, 13) , rapid refrigeration is vital for preventing bacterial multiplication during storage, which would increase the disease threat to consumers. A U.S. Department of Agriculture risk assessment study regarding SE in shell eggs concluded that prompt cooling of eggs to refrigeration temperatures was one of the most promising mitigation strategies currently available (29) .
SE is deposited inside eggs as a result of invasion of reproductive tissues in systemically infected laying hens (9) . The colonization of different regions of the reproductive tract can lead to the deposition of contaminants in either the yolk or albumen (1, 12, 13) . Experimentally infected laying-hens deposit SE in the albumen or on the vitelline membrane far more often than within the interior contents of the yolk (10, 15) . Although SE can survive or multiply slowly in egg albumen (5, 20, 23) , egg yolk can support very rapid bacterial multiplication (3, 14, 21) .
Therefore, attaining growth-inhibiting internal temperatures inside eggs is more urgent when contaminants are found in the nutrient-rich yolk than when they are located in the more inhibitory albumen. Freshly laid, naturally contaminated eggs have been reported to typically contain relatively small numbers of SE cells (8, 22) , suggesting that initial deposition of SE inside yolks may be a relatively infrequent event. However, even if Salmonella deposition occurs mainly on the exterior surface of the yolk membrane or in adjacent regions of the albumen, migration across the membrane could still yield rapid multiplication in the yolk contents (3, 14, 18, 27) . Penetration into the yolk becomes much more likely after longer periods of storage at warm temperatures (20, 26) , perhaps accelerated by declining albumen viscosity and vitelline membrane integrity during nonrefrigerated storage (5, 24) , but is prevented or halted by refrigeration (17) . J. Food Prot., Vol. 71, No g In a study using an in vitro contamination model, various Salmonella strains penetrated through yolk membranes to multiply in egg contents during 36 h of storage at 30°C, although significant differences were observed between strains (11). These differences could be a function of the intrinsic rates at which individual Salmonella strains are able to traverse the yolk membrane, but they might also reflect the extent to which these strains are able to multiply on the external surface of the membrane prior to penetration. If SE can multiply extensively on the exterior of the vitelline membrane, assessing migration into, and growth within, yolk contents might underestimate the overall magnitude of the risk posed by deposition outside the yolk. The objective of the present study was to compare the abilities of four strains of SE to multiply in association with the yolk membrane and migrate through that membrane to reach the yolk contents during 36 h of incubation at 30°C in an in vitro egg contamination model.
MATERIALS AND METHODS
Preparation of SE cultures. Four SE cultures were resuscitated by transfer into tryptone soya broth (Oxoid Ltd., Basingstoke, Hampshire, UK) for two successive cycles of 24-h incubation at 37°C. These cultures were designated A (phage type 13a), B (phage type 8), C (phage type 14b), and D (phage type 4). All SE strains were originally isolated from contaminated eggs or from infected humans in egg-associated disease outbreaks. After cell concentrations in the incubated cultures were estimated by determining their optical densities at 600 nm, further dilution in saline produced the desired final cell concentration (confirmed by subsequent plate counts).
Preparation, inoculation, and incubation of egg samples.
Freshly collected eggs from the specific-pathogen-free flock of Single Comb White Leghorn chickens at the Southeast Poultry Research Laboratory (Athens, Ga.) were aseptically broken, their contents (yolk and albumen) were separated, and each yolk was transferred into the bottom of a sterile 50-ml plastic centrifuge tube. Each yolk was then inoculated with SE by using a pipette to dispense 0.1 ml of the appropriate broth culture (containing approximately 100 CFU) onto the exterior surface of the vitelline membrane. After the inoculated yolk samples were held for 5 mm at room temperature (approximately 24°C), the albumen from a single egg was poured gently into each tube. In each of two replicate trials, 26 egg samples were inoculated with each of the four SE strains and 4 uninoculated samples were retained as negative controls. After preparation, 12 egg samples inoculated with each culture were incubated for 12 h at 30°C and 12 samples were incubated for 36 h at 30°C. Uninoculated negative control samples were similarly divided between the two incubation intervals. The two remaining inoculated samples for each culture were tested immediately after preparation to serve as negative controls for incubation time.
Enumeration of SE from egg yolks after incubation. The albumen portion of each incubated egg sample was poured out for disposal, and each intact yolk was gently poured into another sterile 50-ml plastic centrifuge tube. A small area of the yolk membrane was seared with a flame-heated steel spatula to destroy any surface bacteria present in that region (15). A sterile syringe was then inserted through the seared area of the membrane to remove 5 ml of interior yolk contents (free of membrane material), typically representing 35 to 40% of total yolk volume. The remainder of each yolk was then vigorously vortex mixed for IS and a 5-ml sample of whole yolk (including vitelline membrane) was removed with a sterile pipette. The concentration of SE in each yolk contents or whole-yolk sample was determined by making 10-fold dilutions in 0.85% saline and spreading aliquots of each dilution onto plates of brilliant green agar (Becton Dickinson, Sparks, Md.). The agar plates were incubated for 24 h at 37°C, and typical Salmonella colonies were identified (33) and counted. The detection threshold of this procedure was 10 CRJ ml. Samples that were negative at the lowest dilution were arbitrarily assigned a value of 1 CFU/ml, and all samples (positive and negative) were included in the calculation of mean SE concentrations.
Statistical analysis. Significant differences (P < 0.05) between treatment groups (SE strain or incubation time) in the frequency of SE isolation from yolk contents or whole-yolk samples after incubation were determined by applying Fisher's exact test, and significant differences (P < 0.05) between treatment groups in the mean concentration of SE cells in yolk contents or wholeyolk samples after incubation were determined by applying the Kruskal-Wallis test. Because the two replicate trials did not differ significantly, their results were combined for analysis and presentation. Data were analyzed by using Instat biostatistics software (GraphPad Software, San Diego, Calif.).
RESULTS AND DISCUSSION
Among the preincubation control samples, the mean log concentration of SE in whole yolks immediately after inoculation was 0.347 CFU/ml and all yolk contents samples were negative. All four SE strains were able to penetrate through the vitelline membrane to reach the yolk contents (at an overall frequency of 11.5% of the 96 total samples) during the first 12 h of incubation at 30°C (Table I) . However, the mean log concentration\of all SE strains in yolk contents at 12 h (0.167 CFU/ml) 'did not significantly exceed (P > 0.05) the initial log concentration established in each egg sample by inoculation. In contrast, the overall mean log concentration of SE from whole yolks after 12 h (0.818 CFU/ml) was significantly greater (P < 0.01) than the postinoculation value. Both the frequency and concentration of SE (for all strains combined) were significantly higher (P < 0.01) in whole yolks than in yolk contents after 12 h of incubation. Some significant differences (P < 0.05) between SE strains were observed in both their frequency and concentration in yolk contents samples at 12 h, but no corresponding differences were found in whole-yolk samples. For both yolk contents and whole yolks, the frequency and concentration of the four SE strains increased significantly (P < 0.01) between 12 and 36 h. By 36 h of incubation, the mean log concentration of SE in yolk contents (1.402 CFU/ml) was significantly (P < 0.001) above the initial postinoculation level. Both the frequency and concentration of SE (for all strains combined) remained significantly higher (P < 0.001) for whole yolks than for yolk contents at 36 h. No significant differences were detected between strains (P > 0.05) in the frequency or concentration of SE in yolk contents after 36 h of incubation. Although there were some significant differences (P < 0.05) following values within rows indicate significant (P < 0.05) differences between whole-yolk and yolk contents samples.
between strains in the frequency of SE recovery from whole yolks at 36 h, these were not reflected in any corresponding differences in SE concentrations . None of the uninoculated negative control samples were positive for SE after incubation. The migration of Salmonella through the vitelline membrane at warm temperatures has been previously documented using several in vitro egg contamination models (3, 14, 21, 27) . The frequency and magnitude of Salmonella penetration into yolks in these experiments have increased along with both the temperature and time of incubation.
Both SE and Salmonella Heidelberg reached the yolk contents significantly more often at 30°C than at 20°C (11) . A low frequency of vitelline membrane penetration by Salmonella has been reported after only 2 h of incubation (17), but the numbers of SE cells detected inside surface-inoc u -l a t e d e g g y o l k s a f t e r i n c u b a t i o n f o r 2 4 h a t 3 0°C w e r e r e latively small, despite the ready availability of yolk nutrients to support bacterial growth (18) .
Individual Salmonella strains sometimes differ significantly in their growth properties in eggs (6, 16) and in their ability to penetrate the yolk membrane (ii). In the present study, some differences between SE strains were observed in their recovery from egg samples after incubation (yolk contents samples at 12 h and whole-yolk samples at 36 h), but no clear pattern of strainassociated behavior was evident. All four strains penetrated into egg yolks during the first 12 h of incubation, but the number of SE cells within the yolk contents was still quite small at that time. Although the SE concentration inside yolks rose significantly between 12 and 36 h, much greater numbers of SE cells were found in whole-yolk samples (which included the yolk membrane) at both incubation intervals. This suggests that substantial SE growth occurred in association with the vitelline membrane before penetration through the membrane began to yield corresponding increases in the yolk contents. Therefore, the bacterial concentrations found inside yolks may represent only a fraction of the total number of bacterial cells associated with entire yolks. This distinction IS made even sharper by the possibility that the total number of cells present in whole yolks after incubation might have been underestimated, as both the presence of small amounts of adhering albumen (containing inhibitors of bacterial growth) and the incomplete homogenization of contaminated yolk membranes by vortex mixing could have diminished the recovery of SE during the dilution and plating of whole-yolk samples. These factors may also have contributed to the seeming insensitivity of the culture methods employed in this study, which were apparently unable to recover SE from all inoculated whole yolks. Inhibition by antibacterial albumen constituents is also likely responsible for the generally slow and modest growth of SE observed after inoculation onto vitelline membranes. Extensive SE growth during the early stages of incubation may have been somewhat restricted until penetration into the membrane achieved an escape from the effects of exposure to albumen.
The efficacy of egg refrigeration for preventing the expansion of small populations of pathogens such as SE depends on the initial level and location of contamination, the movement of bacteria or nutrients within eggs during storage, and the rate at which growth-reStricting temperatures are reached. Prompt refrigeration of eggs to an ambient temperature of 7.2°C has been recommended as an essential risk reduction practice for preventing eggborfle transmission of disease (30) and has been incorporated into most egg quality assurance or regulatory plans in the United States (25) . A recent survey of practices in the egg industry indicated that 67% of eggs were transported from farms to packing plants at temperatures of :!s7.2°C (32). However, a proposed national SE control plan for shell egg producers in the United States would allow eggs to be held on farms without refrigeration for up to 36 h (31). Prior research has shown that this interval is sufficient to allow substantial penetration of SE into the nutrient-rich interior contents of egg yolks incubated at warm temperatures (11) . The present study demonstrates that SE multiplication associated with the vitelline membrane may both precede and exceed multiplication resulting from penetration into the yolk contents during the first 36 h of unrefrigerated storage. One important limitation on the application of these data is that the degree of correspondence between in vitro contamination models and naturally contaminated eggs is uncertain. However, even if in vitro bacterial penetration is somehow increased or accelerated in comparison to the naturally occurring process, the worst-case scenario defined by the experimental model still has important public health implications. Accordingly, the results of the present study provide further support for an emphasis on the rapid application of refrigerated storage conditions for protecting consumers from egg-transmitted illness.
